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Abstract
Origami-inspired, dynamic spacecraft radiators have been proposed which utilize an expandable/collapsible surface
capable of large variations in emitting surface area. In this work, an experimental prototype of this concept is realized
and its performance is analyzed. In particular, we demonstrate the capability of maintaining a spacecraft component
at a desired operating temperature through the expansion and contraction of a collapsible radiator to control radiative
heat loss. Four aluminum panels are connected via a flexible hinge constructed from interwoven copper wires and
suspended from an actuating framework. The radiator panels are connected to a heated aluminum block. The radiator
is placed in a vacuum environment with cooled surroundings (173 K) and the total radiative cooling power is
determined as a function of radiator actuation position for a constant aluminum block temperature. As the radiator
actuates from extended to collapsed, the heat transfer decreases and the fin efficiency increases. For a limited actuation
range, the four-panel radiator exhibits a turn-down ratio (largest cooling power / smallest cooling power) of 1.31. A
numerical model validated in this work predicts a turn-down ratio of 2.27 for actuation over the full range of radiator
positions in surroundings at 4 K. Future revisions that exhibit an increase in panel and hinge thermal conductivities
and utilizing eight panels would yield a turn-down ratio of 6.01. Assuming infinite thermal conductivity and infinite
hinge conductance, the turn-down ratios for two, four and eight panel radiators, respectively, are 2.00, 3.98, and 7.92.
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Nomenclature

e

=

emissivity

k

=

hinge conductance (W K-1)

f

=

radiator angle

s

=

Stefan-Boltzmann constant (5.67 x 10-8 W m-1 K-4)

A

=

surface area (m2)

L

=

length (m)

P

=

heater power (W)

T

=

temperature (K)

k

=

thermal conductivity (W m-1 K-1)

qrad

=

radiative cooling power (W)

r

=

radius (m)

t

=

thickness (m)

w

=

width (m)

x

=

horizontal position on fully-extended radiator, measured from center of aluminum block (cm)

Subscripts
1-4 =

panel number

b

=

aluminum block

h

=

flexible hinge

m

=

multi-layer insulation (MLI)

p

=

radiator panel

s

=

standoffs

surr

=

surroundings
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1 Introduction
Radiative cooling of spacecraft is commonly achieved through the use of specialized radiating surfaces. Currently,
spacecraft radiators are sized sufficiently large so as to emit the maximum cooling load expected to occur in the
spacecraft’s lifetime [1]. However, spacecraft waste heat loads can be highly variable, increasing or decreasing
significantly with orbit position, on-board electronic waste heat generation, and distance from the sun for
interplanetary missions. Due to the static nature of radiator geometry and radiative surface properties, a decrease in
the radiator’s cooling load results in a decrease in the overall spacecraft temperature, causing the temperature of critical
components to fall below established limits. To mitigate this effect, survival resistance heaters are placed throughout
the spacecraft and activated when component temperatures approach an established threshold [1]. Although effective,
use of survival heaters requires the installation of additional battery and solar panel capacity, decreasing allowable
payload weight and power capacity for scientific instruments or communication arrays. The disadvantages of survival
heaters are especially evident for small, high-powered spacecraft or interplanetary missions, where large variations in
cooling loads and lower thermal mass dramatically increases the spacecraft power and weight used to maintain
temperature set points.
Spacecraft radiators capable of dynamic variation in emitted power offer the potential to reduce the amount of
survival heating necessary to maintain spacecraft temperatures within established limits [2]. Several technologies exist
or have been proposed in the literature that allow for dynamic control of spacecraft radiator heat transfer. The turndown ratio, or the fraction of largest possible emitted energy to smallest possible emitted energy, provides a metric by
which the effectiveness of these technologies might be compared. Thermochromic surfaces [3–7] or electrochromic
surfaces [8–11] exhibit control of radiative surface properties through variations in surface chemistry via a change in
temperature or voltage, respectively. Recently proposed thermochromic films have exhibited turn-down ratios as high
as 7 [7]. When circulating fluids are used to transfer heat to a radiator, the heat rejection from the radiator may be
controlled by varying the speed, quantity or pathway of the fluid. Examples of this approach include variable
conductance heat pipes [12,13], the International Space Station (ISS) thermal control system [14], or stagnation
radiators [15], with turn-down ratios on the order of 10 or less. However, these methods are not available for small
spacecraft which often do not use circulating fluid loops. Finally, variations to radiator geometry to achieve a change
in radiator heat loss have been proposed or demonstrated, achieving turn-down ratios of 5 or less [16–19]. These
technologies increase or decrease the emitting surface area of a radiator by deploying a radiator panel through
3

expansion of an internal gas [17,20] or through the use of actuation mechanisms driven by a variation in temperature
such as shape-memory alloys [16,18].
Nearly all completed studies on dynamic radiator technologies described in this review use passive solutions to
achieve variation in radiator cooling power. The use of actively manipulated technologies, specifically motorized
surfaces, for spacecraft thermal control has not yet been explored. Likewise, the study of re-deployable radiators has
so far been restricted to the actuation of single-panel radiators acting in parallel. This work considers multiple panels
acting in series. Finally, published works that utilize variable geometry to control radiator cooling power use geometry
as a means of concealing or revealing a black surface, causing the actuating geometry to function mainly as a gate or
shutter as opposed to a means by which large variations in emitting surface area might be realized.
A recently proposed re-deployable radiator design [21–23] utilizes origami topographies to achieve dynamic
control of radiative heat transfer, consisting of several flat, rigid panels connected in a tessellated pattern with the
ability to fold or unfold. As the device unfolds, the emitting surface area of the radiator panels increases causing the
heat transfer to also increase [23]. Conversely, as the device folds, the emitting surface area decreases with an
associated change in the heat transfer. The folding nature of the panels is such that many panels may be included in
the device, significantly increasing the potential variation in radiator surface area. Likewise, individual panels of a
collapsing origami tessellation form cavities with their neighbors, and the aspect ratio of these cavities varies with
actuation. The apparent radiative properties of the cavities formed between neighboring panels are directly related to
the aspect ratio of the cavity [24,25] in a phenomenon known as the cavity effect. As such, origami-inspired radiators
are capable of controlling both surface area and apparent radiative surface properties as a function of position.
However, published research concerning this new technology has focused on the development of models that describe
the radiator’s apparent radiative properties or net radiative heat transfer. An experimental demonstration of the
technology using geometries, surface properties, and structures more appropriate for spacecraft applications has not
yet been completed.
The objective of this work is to develop and test an experimental prototype of an origami-inspired radiator for
three purposes: (1) explore the utility of multiple interconnected, deployable radiator panels, (2) demonstrate the utility
of active control of dynamic radiator panels, (3) validate use of an existing numerical model [26] in order to explore
the radiator design space. The design of the radiator is described first, followed by the experimental methodology used
to measure performance metrics and demonstrate the thermal control potential of this multi-panel, actively-
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manipulated device. The basic outline of the thermal model used to predict the heat transfer from the radiator is then
presented, with additional details available from [26]. The experimental method used to validate the thermal model is
also presented. Results from the experiment and numerical model are then used to quantify the turn-down ratio and
cooling power of the device. The numerical model is then used to predict the turn-down ratio of deployable radiators
with improved materials and technologies. Finally, results are discussed as they apply to the viability of the approach
for spacecraft thermal control applications and future development considerations.

2 Methodology
2.1 Radiator Design
Previous studies demonstrating the behavior of origami radiators have used thin metal shim stocks (thickness <
0.03 mm) folded into an accordion pattern. However, for spacecraft applications, deployable radiator structures must
utilize rigid panels with structural support. ISS radiators [27], pictured in a semi-extended state in Figure 1, provide
an excellent example of a deployable radiator with space heritage; although, the ISS radiators do not actuate
dynamically and heat is transferred to the radiator panels through a pumped fluid loop. The deployable radiator
discussed in this work was inspired by the ISS radiator design with accommodations for active control and thermal
transport via heat conduction.

Figure 1 – A portion of the External Active Thermal Control System on the International Space Station (ISS) [27].
One of the single-deployment radiators utilized in the thermal control system, a series of connected panels arranged
in series, is displayed in the image. Unlike the radiator described in this work, heat is carried to the ISS radiators
through a pumped fluid loop in this image.
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(a)

(b)

(c)

Figure 2 – (a) The panel subsystem, consisting of four solid aluminum panels (labeled 1-4) coated in a spectrallyselective paint typical of spacecraft radiators. The panels are connected with woven copper straps. The left-most
panel is connected to a solid aluminum block with embedded heaters. The inset image at the bottom right is a crosssection of the thermal hinge connecting the panels. (b) The actuation subsystem, consisting of two scissor extension
mechanisms constructed from aluminum struts, are connected via steel rods with fiberglass sleeves. The entire
system actuates up or down with a stepper motor. (c) The combination of the panel and actuation subsystems,
forming the complete radiator.
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The radiator developed in this work can be divided into two subsystems; the panel subsystem and the actuation
subsystem. The panel subsystem, pictured in Figure 2a and consisting of four panels and a heated aluminum block all
connected with thermally conductive flexible hinges, is responsible for conducting heat away from the heat source
and radiating this energy to space through thermal emission. The actuation subsystem, pictured in Figure 2b, provides
structure for the panel subsystem and is the mechanism by which the position of the panel subsystem is varied
dynamically. When combined (Figure 2c), the two subsystems create a radiative fin that can be actuated in real time
over a wide range of positions, from nearly collapsed to fully-extended.
2.1.1 Panel Subsystem
Four aluminum panels (labeled 1–4 in Figure 2a; alloy: 1100, hardness: Brinell 30, temper: H14), measuring 16
cm wide and 10.2 cm long, with a thickness of 3.5 mm are coated on both sides with AZ-93 paint, a spectrally selective
coating with an emittance in the infrared band of 0.91 and an absorptance in the solar band of 0.15 [1]. Each panel is
connected in series to a neighboring panel via a flexible thermal hinge (A in Figure 2a). A heated aluminum block (B
in Figure 2a), measuring 15 cm long, 1.2 cm thick and 2.4 cm wide, is connected to panel 1 using a similar thermal
hinge. Each thermal hinge consists of five, nickel-coated, copper grounding straps (Electric Motion Company EM
014-FB-250) measuring 8 mm in width and 1 mm in thickness. The bottom side of the copper straps are epoxied to
one side of each aluminum panel via thermal epoxy (Duralco 132, Cotronics Corp.) and the top side of the straps are
epoxied to an aluminum pressure plate which is riveted to the radiator panel. The presence of the thermal hinge
separates each aluminum panel a distance of 2.4 cm when laid flat. The thermal epoxy, pressure plate and rivets are
intended to decrease the thermal contact resistance between the panels and the copper straps through the application
of pressure and through the introduction of a conductive interface material (epoxy). The thermal hinge and panel
geometry have not yet been optimized to achieve maximum heat rejection per unit area. Improved designs for the
thermal hinge are possible and the effect of the hinge conductance will be explored in the results.
2.1.2 Actuation Subsystem
The actuation subsystem includes: (1) two articulating strut assemblies that each form a scissoring mechanism, (2)
thermally insulated rods connecting the two strut assemblies for securing the panel subsystem to the actuation
subsystem, and (3) a base support structure that secures the two strut assemblies to a base plate while providing means
for actuation. The strut assemblies each consist of eight identical aluminum struts (C in Figure 2b), each measuring
13.4 cm long, 1 cm wide and 1.6 mm thick, and arranged in a repeating ‘X’ pattern to form a scissoring mechanism.
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Adjacent struts are connected with aluminum shoulder bolts (D in Figure 2b) passing through holes on either end and
in the middle of each strut. The two strut assemblies are aligned in a parallel fashion such that the actuating motion is
vertical. Rods, constructed from 3.5 mm diameter stainless steel and threaded on each end, connect the two strut
assemblies together by passing through equivalent holes on each strut assembly. An insulating sleeve, constructed
from a fiberglass laminate (G-10), is sheathed over each connecting rod to prevent heat conduction between the hinges
of the panel subsystem and the framework of the actuation subsystem (E in Figure 2b). The strut and rod assembly is
secured to a base plate (F in Figure 2b). Of the four struts that form the bottom of both scissoring mechanisms, one
pair is secured to a stand on the base such that they can rotate about an axis but are unable to translate in any direction
(G in Figure 2b). The other pair is connected with an insulated rod (H in Figure 2b) that passes through a slotted
aluminum bar, creating a slider mechanism. As the slider rod moves along the slot away from the secured strut location,
the entire mechanism collapses downward until it reaches the fully collapsed state. If the slider rod is actuated towards
the secured strut location, the assembly extends upwards until it reaches the fully extended state. Actuation of the
slider rod is achieved through a vacuum-rated stepper motor (I in Figure 2b; Lin Engineering 4118M-01-52RO)
controlled via LABVIEW. The stepper motor turns a threaded ACME rod which passes through a bronze nut attached
to the slider rod.
The panel subsystem is connected to the actuation subsystem by attaching panel 4 to the top-most rod using six
vacuum-rated zip ties (J in Figure 2c). The panels are then woven throughout the structure such that each thermal
hinge is wrapped around the outside of the insulated rod at each hinge in the actuation subsystem. The aluminum
block is secured to the G-10 base with G-10 spacers (K in Figure 2c). The angle between neighboring panels (f, Figure
2a) may be tracked in real time by measuring the starting angle of the system and then counting the number of “steps”
taken by the stepper motor.
Although the actuating subsystem (support frame without panels) alone could achieve a minimum angle of f =
10° and a maximum angle of f = 175°, the introduction of the hinged panels introduced an additional constraint.
Likewise, increased thermal contraction in low-temperature surroundings (173 K) increased the possibility of binding
in the actuation system below angles of 35°. Likewise, the schedule of the vacuum chamber limited the number of
potential data points. Small angle data points were prioritized as the largest variation in heat transfer would occur in
these small angles. Given these limitations, the actuation range of f was restricted during experimentation to a
minimum of f = 35° and a maximum of f = 150°.
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As a final note, the radiator prototype (as pictured in Figure 2) was designed with the specific goal of
experimentally demonstrating the performance of an actively-controlled, multi-panel radiator while validating a
numerical model used to predict the behavior of origami-inspired radiators [26]. As such, the radiator in its current
form is not spaceflight ready as evidenced by the relatively large mass of the actuation and panel subsystems. Mass
reduction is a central goal of future work via variation of panel dimensions and materials, thermal hinge design and
actuation subsystem modifications.
2.2 Radiator Experiment Method
2.2.1 Radiator Experiment Setup
The purpose of this experiment is to demonstrate the ability of an actively controlled deployable surface to maintain
a component at a specified temperature. To this end, the aluminum block with embedded heaters attached to panel 1
(Figure 2a) was included to represent a spacecraft component such as a computer or battery. The radiative cooling
power of the radiator was measured for discrete radiator angle (f) values while the temperature of the aluminum block
was maintained at a given value using a PID controller.
As shown in Figure 2a and 2c, panel 1 was secured via a thermal hinge to a solid aluminum block which represents
a temperature-sensitive spacecraft component. Two cartridge heaters, measuring 6 mm in diameter and 7.5 cm long,
were embedded within the aluminum block to simulate a thermal load. Three thermocouples, secured with thermal
epoxy, were evenly distributed across the top of the aluminum block. One thermocouple was also epoxied to the side
of the block facing the panel subassembly and another was epoxied to the side of the block facing away from the panel
subassembly. The average of these five thermocouples provided the temperature of the aluminum block (Tb). A single
thermocouple was attached to the geometric center of the upper side of each radiator panel. The entire assembly was
placed in a vacuum chamber at a pressure consistently less than 10-7 Torr and the walls and platen of the vacuum
chamber were cooled to a temperature (Tsurr) of 173 K. These conditions eliminated convective heat transfer and
generated a large temperature difference between the radiator and surroundings.
The entire assembly was mounted onto a 12 mm thick G-10 board to prevent conductive losses into the cooled
platen. Likewise, the heated aluminum block was separated from the G-10 board using two thin G-10 standoffs, with
a length (Ls) of 4 cm and a radius (rs) of 6.4 mm, to further prevent conductive losses from the aluminum block. The
aluminum block was entirely shrouded from the cooled surroundings through the use of Multi-Layer Insulation (MLI).
The MLI and standoffs reduced conductive and radiative losses from the block itself, causing a large majority of the
9

heat generated by the cartridge heaters to conduct into the radiator panels through the thermal hinge. As such, the
power of the cartridge heaters approximates the cooling power of the radiator once thermal losses have been accounted
for. An MLI enclosure was used to cover the stepper motor and its accompanying PID controlled heater (used to
prevent the motor from falling below its operational temperature range).
2.2.2 Actuating Radiator Experiment
To begin, the radiator was fully actuated to a 147° actuation angle (f in Figure 2a), the vacuum system was
activated and the surroundings were cooled to a temperature of 173 K using a liquid nitrogen shroud. The radiator and
aluminum block temperatures were allowed to come to steady state, where steady state is defined as a variation of less
than 0.1 °C over the period of one hour for all monitored thermocouples. Once steady state conditions were achieved,
the cartridge heaters in the aluminum block were activated. The heaters were controlled via a PID controller, where
the average temperature of the five thermocouples mounted on the aluminum block provided the process variable for
the controller and the temperature set point of the aluminum block was 293.5 K throughout testing. The system was
again allowed to come to steady state and the heater power necessary to maintain the aluminum block at 293.5 K was
recorded using a two-minute average of heater power data. Temperatures of the aluminum block thermocouples and
all four radiator panel thermocouples were also recorded using a two-minute average. The radiator system was then
actuated inwards (towards a more compressed state) by reducing f from 147° to 138°. The variation in panel geometry
caused the heater power to decrease while the aluminum block’s temperature was maintained. Steady state values
were again recorded and the process was repeated. Data was collected for actuation angles of f = 147°, 138°, 121°,
107°, 92°, 80°, 65°, 53°, 44° and 37°. The time required to reach steady state varied from 2 – 6 hours depending on
the actuation angle of the radiator.
2.2.3 Stationary Radiator Experiment
A separate experiment was also performed to determine how the temperature of the aluminum block would change
if the radiator remained in the fully extended position while the heater power decreased to pre-determined set points.
This test provides a comparison case that simulates a fixed radiator, which is the current state of the art. For this test
the radiator surface was maintained at a constant value of 147° while the heater power was set to the measured power
values obtained for five angles tested in the actuating radiator experiment. The steady state temperature of the
aluminum block was then recorded for each power level. The temperature reduction of the aluminum block with each
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successive decrease in heater power represents a temperature difference that would be corrected using thermostatcontrolled heaters on modern spacecraft.
2.3 Radiator Thermal Model
The experiment utilized only one uniform panel geometry and one simple thermal hinge design. Further, the
radiator system was not able to actuate below an angle of approximately 35°. Therefore, the full potential of a system
of this kind was not entirely demonstrated in the experimental conditions. As such, a numerical model that
approximates the heat transfer and temperature profile of the radiator was used to determine data that could not be
determined experimentally for this work. Likewise, data from the experiment in this work was used to further validate
the approach and results of the numerical model [26].
A paper reporting the development and initial results from this model has been published separately [26]. The
reader is referred to that publication for full details regarding the model, but a brief review of the model development
and the final governing equations are provided as follows. Each panel is subdivided into a discrete number of elements,
with one element spanning the thickness of a panel. The model also assumes that the panels are isothermal along the
width of the panels, or perpendicular to the axis of conduction. An energy balance is performed on an element, giving
Equation 1, where n is the panel index, i is the element index for panel n, j is the element index for panels immediately
adjacent to panel n, and N is the total number of elements per panel. Conduction between elements is calculated with
a numerical approximation of Fourier’s law (the first two terms in Equation 1), radiative heat exchange is calculated
by summation of radiosity terms from elements that are visible to the element of interest (the summation terms in
Equation 1), and the radiative loss from each element is calculated using the Stefan-Boltzmann Law (the last term in
Equation 1). A governing equation, such as the one given in Equation 1, is written for each element and boundary
conditions are applied. Using an initial guess of temperature and radiosity distributions, the resulting series of
simultaneous governing equations is solved iteratively using the Thomas algorithm, giving the final temperature
distribution of the radiator panels as well as the total predicted heat loss from the device. Necessary inputs to the model
include the length, width and thickness (t) of the panels, the emissivity of the panels (e), the number of panels, the
thermal conductivity of the panel material (kp), the thermal conductance of the thermal hinge (k), and the temperature
of the heated aluminum block (Tb).

k pt

Tn,i -1 - Tn,i
Dxi

- k pt

Tn,i - Tn,i +1
Dxi

N

N

j =1

j =1

+ a å J n-1, j Fj -i Dx j + a å J n+1, j Fj -i Dx j - 2esDxiTn4,i = 0

(1)
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The primary purposes of this work include the validation of a numerical heat transfer model, an exploration of an
actuated, dynamic radiator system utilizing multiple interconnected panels, and a demonstration of the potential for
thermal control with an actively-controlled deployable surface. As such, the design and materials used in the prototype
are not optimized for thermal performance and variations to the design are likely necessary for implementation. The
turn-down ratio of a radiator of this kind could be further increased through the use of highly conductive panels and
hinges with a high thermal conductance. Likewise, the experimental temperature of the surroundings (173 K) does not
reflect the effective temperature of the surroundings experienced by a radiator pointed towards deep space onboard an
orbiting spacecraft (4 K). To this end, the numerical model was used to analyze the turn-down ratio of several
theoretical radiators with a surrounding temperature of 4 K. These radiators utilize the same panel geometries as the
radiator described in this paper but the panel thermal conductivity, hinge conductance, and number of radiator panels
are varied to determine the impact on thermal performance. Panel thermal conductivities used in this numerical test
correspond to values for aluminum (k = 237 W m-1 K-1) [28], copper (k = 401 W m-1 K-1) [28], and in-plane graphite
(k = 1950 W m-1 K-1) [29]. Improvements in the thermal hinge were demonstrated by testing the model at hinge
conductance values of k = 0.6, 6 and 60 W K-1 which correspond to the range of published conductance values for
flexible oscillating heat pipes [30–33]. Finally, each combination of panel thermal conductivity and hinge conductance
was tested for a radiator with 2, 4 or 8 panels. The reference case of an infinite panel thermal conductivity and infinite
hinge conductance for radiators with 2, 4 or 8 panels was also performed as a demonstration of the best performance
case possible.
2.4 Hinge Thermal Conductance
The thermal conductance for the flexible hinge constructed with copper straps and used in the current experiment
was determined experimentally for use in the numerical model. The measured hinge conductance allowed for
comparison between the numerical and experimental results and validation.
To determine the hinge thermal conductance, the panel subsystem is separated from the actuation subsystem and
positioned in a fully extended configuration (ϕ = 180°, Figure 3). The entire panel subsystem is insulated by
sandwiching the panel and hinge assembly between two, 5 cm thick sheets of expanded polystyrene. Three
thermocouples, separated by a distance of 2 cm, are secured on the surfaces of panels 2 and 3 with aluminum tape in
a straight line along the direction of heat conduction (Figure 3). Two thermocouples are attached to the aluminum
heated block. The assembly is secured in a vertical orientation and suspended so that part of panel 4 extends into an
12

insulated box. The insulated box is filled with an ice-water mixture or liquid nitrogen such that 4 cm of panel 4 is
submerged (Figure 3). Heaters mounted inside the aluminum block maintain the temperature of the aluminum block
at a given set point and the system is allowed to come to steady state (again defined as a change of 0.1 °C or less over
an hour period for any thermocouple). The temperature profile, as measured by thermocouples along the entire
assembly, was recorded over an average of 20 s of data. Data was collected for aluminum block set point temperatures
ranging from 298 K to 308 K for each constant temperature bath. The experiment was performed five times with an
ice-water bath and four times with a liquid nitrogen bath.
The temperature data collected from panel 2 (T2,1, T2,2 and T2,3 as shown in Figure 3) and panel 3 (T3,1, T3,2 and
T3,3 shown in Figure 3) along with the measured distance between each thermocouple is used to generate a linear
regression to estimate the temperature profile in each panel. These regressions are then used to estimate the
temperature of panels 2 and 3 immediately adjacent to the hinge, T2,h and T3,h, respectively (Figure 3). The
temperatures T2,h and T3,h were not measured directly as the proximity of the hinge introduced three-dimensional
temperature gradients that were not accounted for in the numerical model. The derivative of the linear regression is
used with Fourier’s law to determine the heat flux at the center of each panel. The average heat flux measurement of
panels 2 and 3 is used to estimate the heat flux across the hinge. The ratio of the heat flux through the hinge to the
temperature drop across the hinge (T2,h – T3,h) then gives the thermal hinge conductance as a function of hinge
temperature.
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Figure 3 – The experimental setup used to determine the hinge conductance with an inset depicting thermocouple
placement and typical temperature distribution. The panel subsystem is insulated and suspended vertically such
that panel 4 is partially submerged in an ice/water or liquid nitrogen bath. To determine the hinge conductance,
three thermocouples are placed on panel 2 and panel 3 at a distance 2 cm apart. A linear regression derived from
these measured temperatures gives an estimate of the temperature in the panels immediately adjacent to the hinge,
T2,h and T3,h. Likewise, the derivative of the linear regressions is used with Fourier’s law to find the heat flux at the
center of each panel. The ratio of the average heat flux value to the difference between T2,h and T3,h gives the hinge
conductance as a function of hinge temperature.

2.5 Error and Uncertainty Analysis
Heater power measurements approximate the thermal radiation heat loss from the radiator panels and may be
compared with the output from the numerical model. For an accurate comparison, experimental heat losses from the
aluminum block must be quantified as well as the experimental error of the power and temperature measurements.
Likewise, the error of the numerical model with respect to the uncertainty in radiator dimensions and physical
properties must be accounted for.
2.5.1 Radiator Experiment Error and Uncertainty
The heater power (P) is reported as the average of 2 min of data, with data collected every 3.5 s. The uncertainty
of the power measurement is given as the first standard deviation over 2 min of heater power data. Likewise, the
heat lost from the aluminum block via conduction into the base through the fiberglass standoff is quantified with the
second term of Equation 2, using an approximation of Fourier’s Law. The temperature of the fiberglass baseboard is
assumed to be the temperature of the platen (Tsurr), the radius of the standoff is rs = 1.27 cm, the length of the
standoff is Ls = 2.54 cm, and the thermal conductivity of the standoff is ks = 1.059 W m-1 K-1. The radiative heat loss
from the aluminum block to the radiative insulation and then into the cold surroundings is given as the third term in
Equation 2, where the emissivity of the aluminum block (eb) is given as 0.20 – 0.33 for heavily-oxidized aluminum
[34], the emissivity of the MLI (em) is given as 0.015 – 0.030 [35], the surface area of the block is Ab = 0.012 m2
and the external surface area of the MLI is Am = 0.02 m2. These two heat loss terms are subtracted from the heat
power measurement to give the radiative cooling power of the radiator (qrad) as shown in Equation 2.

qrad

4
s (Tb4 - Tsurr
)
Tb - Tsurr
= P - 2k sp r
1- eb 1
1- em
Ls
+ +2
e b Ab Ab
e m Am
2
s

(2)

The uncertainty of an individual thermocouple measurement, such as the temperature at a given panel location or
the temperature of the surroundings, is the uncertainty of a T-type thermocouple (Omega), reported by the
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manufacturer as ±1° C. The uncertainty of the component temperature (Tb), which utilizes five temperature
measurements, is given with the root-sum-square of the five temperature measurement’s uncertainties using the
thermocouple uncertainty of ±1° C, giving a component temperature uncertainty of 0.44° C.
Regarding the radiator position uncertainty, the vacuum chamber used for testing featured four viewing ports
equally spaced around the perimeter of the cylindrical chamber. The height of the windows was such that a portion of
the radiator was always visible along the center-line of the windows. At each radiator position, two photographs were
obtained. The first image lies in the same plane as the scissoring mechanism. The struts of the scissor mechanism,
which were a known length, were used as a reference length. The angle of the actuation subsystem was measured
graphically by determining the angle between adjacent mechanism struts. The second image lies in the same plane as
the fully-extended panels, similar to the image in Figure 2a. The stainless-steel rods, again of a known length, were
used as a reference point and the vertical distance between adjacent steel rods and the known length of the aluminum
struts were used to measure the current angle of the actuation subsystem. Additionally, the actuation subsystem angle
was determined by counting revolutions of the stepper motor to determine changes in actuation distance. The average
of the three actuation subsystem angle measurements (2 photographic, 1 counting revolutions) was taken to be the
actual radiator position.
During experimentation, the angle was measured only for the actuation subsystem, but the angle utilized in the
numerical model is the angle of the panel subsystem. To account for the discrepancy between the angle of the actuation
and panel subsystems, the device was assembled outside of the vacuum environment and actuated to the smallest and
largest measured angles, as measured by counting the steps of the stepper motor. The angle of the actuation subsystem
as calculated using the photographic approach was then compared to the angle of the panel subsystem measured using
an angle protractor. The comparison was completed three times, with 11° as the greatest measured discrepancy
between the two angles.
The total uncertainty of the radiative cooling power is determined with the root-sum-square-method. Table 1
provides the numerical values for the uncertainty of each variable used in Equation 2.
Table 1 – The value and uncertainty for each variable found in Equation 2 as reported at 273 K. Sources are provided
for uncertainties found in published works.
Variable
ks
Ls
rs

Value
1.059 (W m-1 K-1)
0.0254 (m)
0.0127 (m)

Uncertainty (±)
0.019 (W m-1 K-1)
0.0005 (m)
0.0005 (m)

Source
[36]
least-count uncertainty
least-count uncertainty
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eb
em
Ab
Am

0.260 (-)
0.023 (-)
0.012 (m2)
0.020 (m2)

0.060 (-)
0.006 (-)
0.000254 (m2)
0.00028 (m2)

[34]
[35]
least-count uncertainty
least-count uncertainty

2.5.2 Numerical Model Uncertainty
The properties used to describe the physical radiator (panel length Lp, panel width wp, panel thickness tp, panel
emissivity ep, material thermal conductivity kp, hinge conductance κ) are inputs to the numerical model. To determine
the final uncertainty of the radiator heat transfer rate as determined by the numerical model, the influence of each
parameter’s uncertainty on the final result is quantified by the Method of Sequential Perturbations [37]. In this method,
an individual parameter, such as the emissivity, is increased by the uncertainty of the reported value and the numerical
model is executed, giving a heat transfer rate which accounts for the increased value of a single parameter. The
parameter value is then decreased below the reported value by the uncertainty of the parameter and the numerical
model is again executed. Half of the difference between the two model results gives the uncertainty of the result due
to the single test parameter, or the sensitivity index. This procedure is performed for each parameter, and the rootsum-square of these values gives the total uncertainty of the numerical result. Table 2 reports the value and uncertainty
for each parameter used in the numerical model. For the panel thermal conductivity, the value was determined at a
temperature of 293 K using a correlation from [38] and the uncertainty is the difference between the value at 293 K
and the lowest temperature encountered by a panel, being 220 K.
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Table 2 – The value and uncertainty for variables used as inputs to the numerical model. The panel thermal
conductivity value is reported at a temperature of 293 K where the uncertainty of the value is the difference between
the thermal conductivity at 293 K and at the lowest temperature encountered in analysis, 220 K.
Variable
Lp
wp
tp
kp

ep

Tb
κ

Value
0.102 (m)
0.159 (m)
0.0032 (m)
220 (W m-1 K-1)
0.91 (-)
293 (K)
0.63 (W K-1)

Uncertainty (±)
0.00001 (m)
0.0005 (m)
0.00001 (m)
2 (W m-1 K-1)
0.01 (-)
1 (K)
0.19 (W K-1)

Source
least-count uncertainty
least-count uncertainty
least-count uncertainty
[28]
[39]
manufacturer reported error
propagated uncertainty

2.5.3 Hinge Thermal Conductance Uncertainty
The error of the experimentally determined hinge thermal conductance (as described in Section 2.4) must also be
quantified and utilized within the numerical model uncertainty analysis. The uncertainty of the measured distance
between thermocouples, given as the resolution error of the calipers used to measure this distance (± 0.5 mm), and the
uncertainty of the thermocouples (± 0.1 K), which were calibrated for this experiment, were used in conjunction with
the method of sequential perturbations to quantify the uncertainty of the hinge conductance. The uncertainty of the
thermal hinge conductance is reported in Table 2 and discussed in Section 3.2.

3 Results and Discussion
3.1 Radiator Experiment
Figure 4a illustrates the results of the variable heater power radiator experiment where thermal control via active
manipulation of a deployable surface is demonstrated. The radiative cooling power (qrad), being the heater power
minus the experimental loss terms (Equation 2), is given as the vertical axis on the right. The left vertical axis depicts
the temperature of the protected component, or the average of the five thermocouples placed on the heated aluminum
block. Both vertical axes are reported as a function of the radiator angle (f). The error of the radiative cooling power
is depicted as error bars, and the component temperature uncertainty, which is not depicted, is ±0.44° C. Finally, the
uncertainty of each measurement with respect to the radiator angle is ±6°. Figure 4b also depicts the temperature of
the protected component for the actuated radiator, now plotted with respect to the radiator cooling power. Likewise,
the temperature of the protected component for a stationary radiator at f = 147° is plotted. Again, the uncertainty of
each data point is ±0.44° C for the y-axis and ±3° for the x-axis.
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The temperature of the aluminum block was maintained at a constant value by actively controlling the heater power
in response to variations in the radiator’s position. This approach incorporated a PID controller which significantly
reduced the time required to reach steady state conditions. However, in a spacecraft application, the device would be
utilized in the inverse control scenario, where the radiator’s position would be actively controlled in response to
variations in the waste heat load. However, the steady-state values for aluminum block temperature and radiative
cooling power as reported in Figure 4a would be identical for either control scenario. Figure 4a, therefore, illustrates
the capability of an actively controlled multi-panel radiator to maintain the steady state temperature of a spacecraft
component subjected to varying waste heat loads. This is evidenced by the constant temperature of the aluminum
block for an actively controlled radiator scenario. In contrast, the extended, stationary radiator (ϕ = 147°) was unable
to maintain the temperature of the aluminum block at a constant value as shown in Figure 4b. As the radiative cooling
power decreased from a maximum of 14.95 W to a minimum of 11.45 W, the temperature of the aluminum block
likewise decreased by a total of 23 K, a variation in temperature that may be too large for sensitive components such
as batteries, optics or processors [1]. In an applied scenario, this decrease in waste heat load, amounting to 3.5 W,
would need to be supplied by an equivalent increase from survival heaters attached to the protected component. This
survival heater power must be applied continuously whenever the waste heat load remains below the maximum value,
increasing the battery and solar panel capacity required by the spacecraft.

(a)

(b)

18

(c)
Figure 4 – (a) Temperature of the protected component (Tb) as a function of radiator angle for a radiator with
variable geometry. Radiative cooling power of the actuated radiator (qrad) as a function of the radiator angle is also
reported using the right axis. Uncertainty of each temperature measurement is not depicted but is ±0.44 K for each
data point. (b) Temperature of the protected component (Tb) as a function of radiator cooling power (qrad) for the
actuated and stationary tests. In the actuated test (legend entry: “f = Variable Angle”), the radiator position varied
as a function of radiator cooling power. In the stationary test, the radiator was fully extended (legend entry: “ϕ =
147°, near flat”) and the component temperature was allowed to decrease as the radiator cooling power decreased.
(c) Temperature of the radiator as a function of position along the radiator for three radiator angle positions, where
x = 0 corresponds to the center of the protected component. Data points at 10, 22, 35, and 48 cm correspond to the
center of panels 1 – 4, respectively.
Figure 4a illustrates the heat transfer control potential of the device. From fully-extended (f = 147°) to fullyretracted (f = 37°), the experimental prototype demonstrated a turn-down ratio of 1.32 (ratio of largest to smallest
cooling power). This value, however, does not reflect the true potential of the radiator. As seen in Figure 4a, the
variation in cooling power as a function of radiator angle is greatest for small radiator angles. For example, the radiator
cooling power decreased by only 0.08 W between f = 147° and f = 138°. However, when the radiator angle decreased
from f = 45° to f = 37°, the radiative cooling power decreased by 0.75 W. Further decreases in radiator angle below
the experimental limit would have resulted in significant decreases in radiative cooling power. Likewise, the vacuum
chamber shroud was maintained at a temperature of 173 K throughout testing. However, the radiator of a spacecraft
is generally exposed to deep space at an effective temperature of 4 K, and the temperature of the surroundings impacts
the turn-down ratio of the radiator. Results from the numerical model (Section 3.3) are used to predict the turn-down
ratio of the radiator for a larger range of radiator angles (5° < f < 180°) and for a surrounding temperature of 4 K (see
Table 3).
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Figure 4c depicts the temperature profile of the radiator for three different radiator angles. The temperature at x =
0 cm correspond to the center of the aluminum block. Each successive x-location (10, 22, 36, and 48 cm) corresponds
to the midpoint of panels 1 – 4, respectively. The uncertainty of each temperature measurement is ± 1 K. As shown in
Figure 4c, the panel temperatures decrease as the radiator angle (and radiative cooling power) increases. This
decreasing temperature trend is due to the increased exposure of the panels as the radiator extends outwards. Likewise,
the difference between the temperatures of panel 1 and panel 4 increases from an initial value of 34 K at f = 37° to a
value of 42 K at f = 147°. Both of these temperature trends indicate a decrease in the radiative fin efficiency of the
device as the radiator angle increases, a phenomenon explained by the decreasing influence of inter-panel radiation
heat transfer as the radiator expands [26]. At small radiator angles, the panels are exposed almost entirely to adjacent
panels and energy is easily transferred along the length of the radiator via both heat conduction and thermal radiation
emission and absorption. However, as the radiator expands, the panels move away from each other, removing the
radiation coupling between panels and decreasing the total quantity of energy that is transferred from the radiator base
to the radiator tip. As such, a competing effect is observed, where the radiator fin efficiency decreases and the radiator
cooling power increases as the radiator angle increases.
3.2 Hinge Conductance Experiment
The hinge conductance test was completed five times for the ice-water bath and four times for the liquid nitrogen
bath with the aluminum block set to a temperature between 298 and 308 K. The average hinge conductance using the
ice-water bath data is 0.66 W K-1 with an average uncertainty of 0.03 W K-1 at an average hinge temperature of 289
K. For liquid nitrogen, the average hinge conductance is 0.62 W K-1 with an average uncertainty of 0.17 W K-1 at an
average hinge temperature of 230 K. These results indicate that the hinge conductance may decrease slightly as the
hinge temperature decreases, although the uncertainty of the low temperature result is larger than the measured
variation in hinge conductance with temperature. Although the hinge conductance data is not suitable to adequately
predict the relationship between temperature and hinge conductance with confidence (due to a weak temperature
dependence relative to the uncertainty), the full span of experimental hinge temperatures (220 – 280 K) is
approximately represented by the hinge conductance measurement data. As such, the numerical model utilized a mean
value for the hinge conductance of k = 0.63 W K-1 with a 30% uncertainty as determined by the largest relative
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uncertainty value. In this manner, variation in hinge conductance with hinge temperature is accounted for in the
uncertainty of the numerical result.
As a general comparison, commercially available copper straps exhibit a thermal conductance of 0.168 W K-1 at a
temperature of 77 K where heat is transported over a distance of 0.057 m [40]. Likewise, a number of researchers have
developed flexible oscillating heat pipes with reported thermal conductance values (averaged over all tested power
levels and charge ratios) of 0.359 [30], 1.913 [31], 5.290 [32], and 62.53 [33] where heat is transported over distances
of 0.085 m, 1.070 m, 0.270 m, and 0.400 m respectively. However, these conductance values for the flexible oscillating
heat pipes were obtained for temperature ranges above 293 K.

(a)

(b)

Figure 5 – (a) Radiator cooling power as a function of radiator angle as measured experimentally and calculated
via the numerical model [26]. The shaded area represents the region of uncertainty associated with the numerical
results. Experimental results consistently fall within the error bounds of the numerical model, with a largest relative
error (relative to experimental results) of 5.4%. (b) The mid-point temperatures of panels 1, 2, and 4 as a function
of radiator angle as determined experimentally and as calculated by the numerical model. The largest relative error
between numerical and experimental results is 2.4%.

3.3 Numerical Model Validation and Results
3.3.1 Validation
Figure 5a depicts a comparison of the radiator’s measured cooling power with results obtained using the numerical
model. Numerical model input values and uncertainties are given in Table 2. The experimental uncertainties of the
radiator cooling power are expressed as error bars for each data point. For the numerical model, the uncertainty values
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given in Table 2 and the measured uncertainty of the flexible hinge were used in conjunction with the method of
sequential perturbations (as described in section 2.5.2) to estimate the uncertainty of the numerical model results
(shaded region in Figure 5a). Likewise, Figure 5b depicts a comparison of the experimental and numerical panel
temperatures for the center-points of panels 1, 2, and 4 as a function of radiator angle. Uncertainty for each data point
is again expressed with error bars for experimental results and as a shaded region for numerical model results.
As shown in Figure 5a, the numerical and experimental approaches generally agree, with a worst-case discrepancy
of 0.68 W at a radiator angle of 53°, or 5.4% relative error compared to the experimental value, and all experimental
data points fall within the uncertainty of the numerical model. The difference between the measured and predicted
heat transfer values for the radiator cooling power is greatest for small radiator angles. Likewise, the turn-down ratio
as computed by the experimental data is 1.31, whereas the turn-down ratio as computed by the numerical model for
the same angle range is 1.39, or 6.1% relative difference. Figure 5b shows that the numerical model results and
experimental results for the temperature profile of the radiator agree to within the uncertainty estimates, indicating
that the numerical model is a valid predictor of the radiator’s cooling power and temperature profile. However, the
difference in the curvature of the numerical profile from the experimental profile may indicate that model does not
include some minor phenomena. The largest relative discrepancy between predicted and measured panel temperature
values is 2.4%. Likewise, the small discrepancy between the turn-down ratio values of the two approaches (6.1%
relative difference) suggests that the turn-down ratio predicted by the model is accurate for the specified radiator
design.
Several assumptions in the numerical model explain the discrepancy between the numerical and experimental
results. First, measurements suggest that the hinge conductance is a function of temperature, with the hinge
conductance decreasing as temperature decreases. Further, the temperature of the hinge connected to the aluminum
block (approximately the same temperature as the aluminum block) and the temperature of the hinge connecting panels
3 and 4 (mean value of panel 3 and panel 4 temperatures) differed by 41.3 K at f = 147° and 33.6 K at f = 37°. As
such, the average hinge temperature and, therefore, the average hinge thermal conductance varies as a function of
radiator angle. The numerical model, however, assumes a uniform conductance for all hinges in the radiator and uses
this same value for all tested radiator angles. Allowing for variation of the hinge thermal conductance as a function of
temperature would increase the fidelity of the model. However, the currently available hinge thermal conductance
data is not sufficient to model these effects. Regardless, improving the design of the flexible thermal hinges is
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recommended. Second, the two-dimensional assumption used in the numerical model is undoubtedly responsible for
a portion of the disagreement. Previous research has shown that 2D origami heat transfer models used to describe 3D
geometries show the greatest error in the mid-range of radiator angles (30° < f < 90°); this corresponds to the region
showing the greatest disagreement between numerical and experimental results in the current work [22]. Third,
experimental conditions may also contribute to discrepancy between prediction and experiment. Specifically, the angle
between panels 3 and 4 was not always equivalent to the angle between panels 1 and 2 or between panels 2 and 3,
with a greatest reported discrepancy of 6°. In the small angle range (f < 50°), such variations in radiator angle leads
to discrepancies between the measured and predicted values. [23].
3.3.2 Model Results
With the numerical model validated experimentally, it may now be used to predict the radiative cooling power for
radiator angle ranges and surrounding temperatures that could not be tested experimentally (i.e. f < 37°, Tsurr = 4 K)
in order to find the turn-down ratio potential of a fully functional device. For an equivalent radiator comprised of the
same components, geometries, and surrounding temperature as was tested in this work but with the ability to actuate
from 180° to 5°, the numerical model predicts a turn-down ratio of 1.94 (qf=180° / qf=5°). Likewise, a radiator with the
same components and geometries but now in surroundings at 4 K and featuring full actuation achieves a turn-down
ratio of 2.27 (qf=180° / qf=5°).
The radiator’s current design has a possible turn-down ratio that falls below the values achieved by alternative
variable emissivity technologies. Recently-proposed vanadium oxide variable emissivity device achieves a turn-down
ratio of 7 [7]. Similarly, electrochromic coatings and other switching devices show turn-down ratios of 5 or lower
[11,41]. However, the current prototype might be improved through the use of more conductive materials for panel
construction, implementation of hinges with a larger conductance value, and the inclusion of additional radiating
panels. The numerical model was used to project the possible but realistic turn-down ratios of radiators with panels
constructed from highly conductive materials and hinges with larger conductance values. Likewise, each combination
of thermal conductivity and hinge conductance was tested for radiators with 2, 4, or 8 panels in order to demonstrate
the influence of number of panels on turn-down ratio. The combination of panel thermal conductivity, hinge
conductance, and number of panels for possible radiators is displayed in Table 3 along with the calculated turn-down
ratio. The case of a radiator with infinite thermal conductivity and infinite hinge conductance is also provided as a
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reference bound. The temperature of the surroundings was maintained at 4 K while calculating the turn-down ratios
reported in Table 3 to simulate conditions typical of radiators aboard an orbiting spacecraft.
As seen in Table 3, the implementation of panel and hinge materials with greater conductivities increases the turndown potential of the device. For a panel constructed from a highly conductive material such as graphite (k = 1950 W
m-1 K-1) and with a hinge conductance value of 60, a turn-down ratio on the order of 3.70 is expected. This turn-down
ratio might be further increased by incorporating straight or oscillating [42,43] heat pipes inside of the panels, where
the maximum possible turn-down ratio for this geometry is 3.98. Adding additional radiator panels would significantly
increase the turn-down ratio of the device, although at the cost of additional weight (as shown in other work [26]).
Likewise, decreasing the number of panels decreases the expected turn-down ratio, although turn-down ratios up to 2
are still possible for a device with two panels. The hinge conductance values used in this analysis (0.6, 6, and 60) are
not representative of specific devices but represent the range of thermal conductance values available with proposed
or commercially available thermal hinges [30–33].
Table 3 – Predicted turn-down ratio for surroundings at 4 K, as measured from a radiator angle of 5° to 180°, for a
radiator with 2, 4 or 8 panels having the same geometry as the current experiments but with four different panel
thermal conductivities and four different hinge conductance values.

kp [W m-1 K-1]

k [W K-1]
Panels

2

0.6
4

8

2

6
4

8

2

60
4

8

2

∞
4

8

237

1.81

2.27

2.46

1.95

2.82

3.34

1.97

2.93

3.55

1.97

2.95

3.58

401

1.82

2.32

2.55

1.96

3.02

3.77

1.98

3.19

4.14

1.99

3.21

4.19

1950

1.82

2.39

2.67

1.97

3.38

4.82

1.99

3.70

6.01

1.99

3.74

6.22

∞

1.82

2.41

2.71

1.97

3.52

5.37

1.99

3.92

7.46

2.00

3.98

7.92

3.4 Design and Application Considerations
Controlled deployable surfaces feature several application-specific advantages not illustrated by the experimental
or numerical data provided by this work. First, deployable surfaces have been used in spacecraft for decades, indicating
a certain degree of space heritage. As an example, the International Space Station utilizes deployable radiators, where
the panels were retracted for stowage prior to launch and then deployed upon installment via a cable and winch system
(Figure 1). Likewise, solar panels, communication arrays, and even optical components of numerous spacecraft offer
deployable features to enable functionality [44]. These technologies, however, require a one-time deployment upon
orbit insertion, whereas a dynamic radiator requires intermittent variation of geometry. As such, a final radiator design
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must be robust, accounting for wear on the hinges from continuous use while providing a measure of redundancy in
the case of hinge or actuating system failure.
Second, origami-inspired dynamic radiators are functionalized entirely by variations in geometry and therefore
may be constructed from simple, inexpensive materials. As such, this technology could be easily and economically
scaled to match the heat transfer requirements of any spacecraft. Likewise, deployable surfaces might be combined
with other radiative heat transfer control technologies that utilize separate mechanisms. As an example, an actively or
passively controlled deployable radiator might be coated with a thermochromic or electrochromic surface. Such a
device would utilize variations in emitting radiative area as well as variations in surface intrinsic radiative surface
properties. Acting in parallel, the heat transfer control mechanisms could increase the total turn-down ratio potential
while providing multiple functional states for a given radiator position.
Finally, actively-controlled surfaces have the capability of rapid mobilization, enabling real-time matching of
waste heat loads. Likewise, actively-controlled surfaces may be positioned in advantageous configurations previous
to variations in thermal loads. Passive technologies require a variation in temperature to achieve actuation or
reconfiguration and, therefore, the change in radiative behavior can be later than is desirable.
As previously identified, the current radiator prototype likely requires modification before implementation in
spacecraft. Future work will include weight reduction while maximizing turn-down ratio. Possible modifications
include variation of panel geometries and materials, adoption of high-performance hinge materials (such as flexible
oscillating heat pipes [32]) and re-design of the actuation system. The accordion tessellation was selected to
demonstrate the behavior of origami-inspired radiators due to its simplicity of construction/actuation and because
published results regarding its heat transfer behavior exist [26]. However, the accordion tessellation required a support
structure for positioning due to its multiple degrees of freedom (see Figure 2b). Alternative tessellations that offer
“conceal and reveal” behavior [45] with lower degrees of freedom offer the potential for (1) weight reduction through
cable-driven actuation methods without the need for a heavy support structure and (2) utilization of panels actuated in
parallel as opposed to in series.

4 Conclusions
The performance of a multi-panel, actively deployed radiator was investigated experimentally and numerically.
With the surrounding at 173 K, the radiator cooling power of a four-panel prototype radiator decreases as the radiator
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collapses. The measured turn-down ratio was 1.31 over a restricted to actuation range between f = 37° to f = 147°.
Based on results obtained using a validated model, the turn-down ratio of the prototype would be 2.27 when it is
actuated between f = 5° to 180° and deployed in a lower temperature environment (Tsurr = 4 K). Also, the use of an
actively-controlled dynamic radiator to achieve constant temperature conditions for a protected component
experiencing varying waste heat loads was demonstrated. Such a device would reduce power consumed by survival
heaters that are currently deployed on orbiting spacecraft. Temperature measurements verified that the fin efficiency
of the device decreases as the radiator extends towards a fully-open position, which is a result of the decrease in the
radiative transfer between panels. Finally, the use of improved panel materials, hinge materials, and number of radiator
panels was explored numerically. These numerical results indicate turn-down ratios as high as 1.99, 3.70, and 6.01 for
a two, four, and eight panel radiators are achievable if the performance of the thermal hinges is improved with use of
highly conductive materials. Assuming infinite thermal conductivity and thermal conductance, a two, four or eight
panel radiator will have a maximum turn-down ratio of 2.0, 3.98, and 7.92, respectively when rejecting heat to deep
space at 4 K.
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